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1?1?
??
1.1 ?????
??????????????????????????????????????
???????????????????DNA??????????????????
???????????????????????????????????????
?????????Knuth-Morris-Pratt? [13]?Boyer-Moore? [3]????????
????????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????
???LarssonSadakane? [14]? FM-Index [7]?????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???
??????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
2???????????????????????????????????????
???????????????????????????????????????
????
??????????????????????????????????????
???????????????????????????????????????
?????????DC??????DC??????????DC????????
??????????????????????????????????????
?????????? 1????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
????
??????????????????????????????????????
????????LZ77? [20]? LZW? [19]??????????????????
???????????????????????????????????????
?????????????????????????????KZ77?? LZW???
??????????????? [2] [6]?????????????????????
???????????????????????????????????????
???????????????????
????????? [8]???? [15]????????????Huffman?????
???????????????????????????????????????
???????????????????????????????????????
???????????????????
????DC????????????????????????????????
?????????????????????????DC?????????????
?????????????????????????????????KZ ?? [10]
????????????????????????DC?????????????
???????????????????????
31.2 ??????
???? 6?????????????????
? 1??????????????????????????? 2?????????
?????????????????????????????? 3????????
?????????????????????????????? 4????????
???????????????????????????????????????
???????? 5??????????? 6????????????
4?2?
?????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
????????????????????????????????
???????????????????????????????????????
?????????? 2??????????????
2.1 Huffman??
????Huffman? 1952?????????????????????Huffman?
? [9]????????
2.1.1 ?????
?????????????????????Huffman?????????????
?Huffman?????Huffman????????????????Huffman?????
????????????
Huffman?????????????
1. ???????????????
52. ????????????????????????
3. ?????????????????????????????????????
?????????????
4. ????????????????3?????????
?????????????????????
?????????????????????????? 0, 1????????????
????????????????????????? 0, 1????????????
???????????????????????????????????????
???Huffman???????
? 2.1???????????????Huffman??? 2.1???????
?? ????
A 0.15
B 0.2
C 0.1
D 0.2
E 0.3
F 0.05
? 2.1: ?????? ? 2.1: ? 2.1?????Huffman?
????????Huffman??????????????????????????
??????????????????????????????????
2.2 KZ??
????Kautz? 1964??????Kautz-Zeckendorf?? (KZ??) [10]????
????
6KZ???Fibonacci??????????????????? 1??????????
Huffman???????????????????? 110??????????????
2.2.1 Fibonacci??
Fibonacci? [11]??????????????
F1 = 1
F2 = 1
Fi+2 = Fi + Fi+1 (i > 0)
??????????? 1, 1, 2, 3, 5, 8, 13, · · · ? Fibonacci??????
2.2.2 Zeckendorf???
Fibonacci??????????? 1?? Zeckendorf???????
???Zeckendorf? [10] ?????????????? Fibonacci???????
????????
??
1. i = 1, 2, 3???????? Fibonacci??????????????
2. j ≥ 4?????? j?????????????????? Fibonacci ????
??????????????
(a) j + 1? Fibonacci????? j + 1????????
(b) j + 1? Fibonacci???????Fk0 < j + 1 < Fk0+1?? k0??????
0 < j + 1 − Fk0 < Fk0+1 − Fk0 ?????Fibonacci??????????
Fk0+1 − Fk0 = Fk0−1????j + 1− Fk0 < Fk0−1????j + 1− Fk0 < j + 1
????j + 1 − Fk0 ??????? Fibonacci?????????????
??j + 1 − Fk0 < Fk0−1???j + 1 − Fk0 ?????? Fk0−1??????
j + 1 = (j + 1− Fk0) + Fk0??????j + 1????????
???????????? Zeckendorf?????????
72.2.3 ?????
????????????????
Huffman???????????????????????????? 2?????
????????2???????? 2????Fibonacci?????????????
???? 1????????? 0?????????????????????????
???????????????????Zeckendorf???????????????
?????????????????????? 1??????KZ??????????
????? C???? 5???????????????????????? 6??
??6? Fibonacci?? 1, 2, 3, 5, · · · ????????1 + 5? 1 + 2 + 3? 2????
??????Zeckendorf?????????? 1+ 5????????????????
2??? 1001??????????????? 1??????????? C?KZ??
????? 11001????
????????? 2.1?????????KZ???????? 2.2???????
?? ???? ??????? ???
A 0.15 5 11000
B 0.2 3 1100
C 0.1 6 11001
D 0.2 4 1101
E 0.3 2 110
F 0.05 7 11010
? 2.2: KZ??????
Zeckendorf?????????????? 110??????1???????????
???????????? 110????????????????????
Huffman??????????Huffman??????????????KZ????
???????????????????????????????????
82.3 ???
??????????????????????????????????????
???????????????????????????????????????
?? Shannon?? 1???????????????Huffman???????????
????
2.3.1 ????????
????????????????? Shannon?????????????????
H(δ) = −
∑
c∈Ω
δ(c) log δ(c)
δ(c)??? c??????????????? c ∈ Ω???? c??????− log δ(c)
????????
???? n???? T ????c ∈ Σ?????????????????? 0 ??
???????????nc? T ?? c????????? δ(c) = ncn ?????????
?? T ???? 0????????????????????
H(T ) =
∑
c∈Σ
nc
n
log
n
nc
????????0??????????????????????????????
??????
2.3.2 Shannon?? 1?????
??????????????????????????????????????
????????????????????????????
Shannon?? 1????????????????????????????????
???Shannon?? 1?????? [17] ???????????????????
????L?H(T )??????????????????L?H(T )????????
???
H(T ) ≤ L
92.3.3 Huffman??????
Huffman??????????????????????????????????
???????????????????????????????????????
?????????????Huffman??????????????????????
1. Huffman????????????????????????? 2???????
1??????????????????????? 1????????????
??? i??????????????????????Ui????Ui?????
???????Ri???????????????Li????Ri−1??????
????????? 2???????????????? δα0?δα0???????
?????????? 0?1???????????????Li−1 = Li+ δα0+ δα1
?????????????
2. Ri? Ui??????????????Lˆi−1 < Li−1??????? Lˆi−1????
?? Rˆi−1?Ui−1???????????????????????????Rˆi−1
???????????? 2?????????? Rˆi??????Rˆi?????
?? Lˆi?????Lˆi−1 = Lˆi + δα0 + δα1????
Lˆi−1 < Li−1??????? Lˆi < Li???????????????Ri? Ui?
?????????????Rˆi?????????????????Ri?Ui??
????????????Ri−1? Ui−1???????????????????
??????Huffman???????????
2.3.4 KZ??????????
Kautz?????KZ??? 110???????????????????????
??????????????????? 110??????????????????
?????????????????KZ?????????????????
????KZ?????????????????????????????? 011?
???????????????????????????? 2.3?? 2.2??????
?????????????????????
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?? ???? ??????? ??? ???????
A 0.15 5 11000 00011
B 0.2 3 1100 0011
C 0.1 6 11001 10011
D 0.2 4 1101 1011
E 0.3 2 110 011
F 0.05 7 11010 01011
? 2.3: ?????????KZ??
2.3.3???????? Huffman????????????????????KZ?
??Huffman??????????????????KZ?????????????
?????????????????KZ?????????Huffman???????
????
Canterbury???? [4]??????????????????????? [5]?? 3
?????????????????????
? 2.4???????????Huffman???KZ????????????????
?????????????????????????????????????
?? ??? ??????? ?????? ????? [???/??] ??? [%]
?? [KB] ??? Huffman KZ Huffman KZ
1 148 72 4.513 4.555 5.397 56.94 67.47
2 471 79 4.477 4.520 5.413 56.49 67.67
3 25 84 5.229 5.268 6.296 65.84 78.70
4 157 21 4.249 4.322 5.619 52.93 68.82
? 2.4: Huffman???KZ??????
????????Huffman??????KZ????????????????
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?3?
??????????
???????Σ??????????? T ???????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????
3.1 Aho-Corasick?
?????????????? P ???????????????????????
???????Σ???? n????? T ????????????????????
???????????????????????????????????????
??????? 1975??Aho?Corasick?????Aho-Corasick? (AC?) [1]???
???????AC?? 1????????????????????????????
???????
AC??? P ???????? ²???????????????????????
????????????????????AC??????????????????
? AC??????????AC??????? T ????????????????
????????????????????AC?? P ??????????????
??? 1???????????????????????????????????
?????
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3.1.1 AC??????
AC??????? (S, Σ, s0, goto, failure, A, output) ?????????????
??????????
• ??????? S
• ?????????Σ
• ???? s0 ∈ S
• goto?? goto : S × Σ→ S ∪ {fail}
• failure?? failure : S → S
• ???????A ⊆ S
• output?? output : A→ 2Σ+
goto?? goto(s, char)???????????????????????????
???????????????????????????????????????
???? goto??? fail????goto??? fail?????????????????
??failure?? failure(state)???????????????????????????
??????????? ²??????output?? output(state)??????????
?????????????? 3.1??????? P = {ABC, B}????????AC
??????????????? goto?????????????? failure?????
????2??????????? output???????????{}????????
???????????????
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? 3.1: P = {ABC, B}????AC??????
14
3.1.2 AC?????????
AC?????????????????????????
??????????? goto??? output???????goto??? output???
????????????????????Algorithm 1 ?????????????
??????????? failure????????AC????? failure???????
????????????????????? P ?????????????????
?????????failure????????????? output???????????
??????????????? failure?????????????????????
????????????????? output??????????Algorithm 2????
AC??????????????????Algorithm 1?Algorithm 2??Algorithm 3
??????????????????????
Algorithm 1: goto?????????????
for i← 0 to n− 1 do
p← pi
s ← 1
for j ← 0 to |p| − 1 do
if g(s, p[j]) == fail then
newState← newState+ 1
goto(s, p[j])← newState
parent(newState)← s
s ← newState
else
s ← goto(s, p[j])
end
end
output(s)← p
end
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Algorithm 2: failure?????????????
failure(1)← 0
States← {1}
while States 6= φ do
queue← φ
for all s in States do
for all c in Σ do
if goto(s, c) 6= fail then
queue← queue ∪ goto(s, c)
end
end
end
for all s in queue do
u← failure(parent(s))
while goto(u, char) == fail do
u← failure(parent(u))
end
failure(s)← u
end
States← queue
end
Algorithm 3: AC??????????????
Input ??????? P = {p0, p1, · · · , pn−1}
Output ?AC??????
newState← 1
for all c in Σ do
goto(0, c)← 1
end
Algorithm 1
Algorithm 2
3.1.3 AC??????????????
Algorithm 4?AC???????????
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Algorithm 4: AC???????????????
Input ????? T , AC??????
Output ??????????????????????
s ← 1
for i← 0 to n− 1 do
while goto(s, T [i]) == fail do
s ← failure(s)
end
s ← goto(s, T [i])
if s ∈ A then
report i, output(s)
end
end
3.1.4 AC????????????????????????
AC????????? failure????? ²???????????????????
1????????????????????????????????????? [1]
???????????AC???????????????????????DFA??
?????DFA???????1???????? 1???????????????
????????????????????????
Algorithm 5?AC???????DFA???????????????
Algorithm 5: AC????????DFA??????????
Input ?AC??????
Output ?DFA
for all s in S do
for all c in Σ do
u← s
while goto(u, c) == fail do
u← failure(u)
end
goto(s, c)← goto(u, c)
end
end
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? 3.2??Algorithm 5????? 3.1?AC??????????????DFA?
???? 3.2?????????????????????????? goto ????
?????????? failure????????????????DFA????????
failure?????????????
? 3.2: ? 3.1?AC???????????????DFA
???? goto?????? (table-look-at)? [12]????????
???????goto?????????????????????? 2??????
?????????????????? 1???????????????????
3.2 AC????????????
????????? T ??? n????AC?????????? O(n)?????
???????????????????????????????????????
???
18
?????AC????????????????????????????????
??????????
3.2.1 Huff-AC?
??????????Huffman??????AC?????????????? [8]
??????????????????????Huff-AC ??????????
Huff-AC???????????????????????Huffman???????
??Huffman?????? AC??????????????AC?????????
???????????????????????????????????????
?AC??????????????????? 2.1?Huffman??????????
? P = {AE, EB}????Huff-AC???????????????????????
???? AE?EB?Huffman??????? 11010?1000 ?????????????
??????????AC???????? 3.3(a)????????????????
T = FDB????????????????????????
FDB?Huffman??????????? 11110100??????? 3.3(b)??? 3.3(a)
???????????????????????????????????????
???????????????? 11110100?????? 11010?????? AE??
????????????????????????????
??????? 3.4(a)???? goto??Huffman????????AC??????
????????????????????????? 3.4(a)?? 3.3(a)??????
???????????????????????????????????????
?????????????????
???????Huffman?????????????Huffman??????????
AC?????????????????? Huff-AC???????????????
???
19
(a) ????????? Huff-AC??????
(b) ? 3.3(a)???????????? FDB ????????????
? 3.3: Huff-AC???????????????
20
(a) ? 3.3(a)????????????????? Huff-AC??????
(b) ? 3.4(a)???????????? FDB ????????????
? 3.4: ???????????
21
3.2.2 KZ-AC?
??????Huff-AC???Huffman?????????????????AC??
??????Huffman??????? 2.2????????????????????
???KZ??????KZ-AC???????KZ????????????????
?????KZ???????
Huffman???????????????????????????????????
??Huffman?????????????KZ???Huffman???????????
??????????????????????????????Huff-AC?????
???????KZ????????? 011????????????Huffman???
??????AC???????????????????????????????
?????????????????????? 3.5??? 3.4(a)?????????
??????????????KZ-AC??????????
? 3.5: ? 3.4(a)??????????????????????? KZ-AC????
??
3.2.3 ??????
????Huff-AC??KZ-AC?????????????
Huffman???KZ?????????????????????????????
22
?????????????Huffman??????????????????????
???????????????????Huffman????????????????
??KZ-AC?????????????????????????????????
? 3.4(a)?? 3.5????????????????????????????????
????Huff-AC???????????????????????????????
????????????????????????KZ-AC????????????
????????????? 3????
??????????????????????????????????????
Huff-AC???????????? AC?????????????????????
?????????????????????????KZ-AC?? Huff-AC ????
????????AC??????????????????
3.2.4 t?????????
??????????????????????????????????????
??????????AC????????????????? 1??????????
?????????????? 8????????????????????????
???????????????????????????????????????
????
??????????? [15]????????AC???????DFA????? t
????????????DFA?????????????????????????
1???????????? 1
t
?????????????????
3.3 ????????????????
??????????????????????????????????????
???????????????????????
??????????????DFA?????????????
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3.3.1 ?????
??????????????????????????????????????
??????????????
??????????????????????????? T ????? n??? 1
??? 8?????????????????????????? L????????
???? 8n?????????????????????????????Ln???
???????????????????????????
???????????????????????????????????????
?????????????????????????????? 1????????
????????????????????????????????? n??1???
??????????????????Ln??t?????????????????
????????? L
t
n????
??????????????????????????????????????
????????????????????1???????????????????
????????????????????????? t?????????????
?????????????????????t??????????????????
??????
???Huffman???KZ????????????????Huff-AC????KZ-AC
??????????????
3.3.2 ?????
??????????????????goto??? output????????????
goto?????????????????????????????output????
???????????????????????????????????????
????????????????????????????????????????
???????????????? 1????????????
AC???????????????????????N????????????
???????????AC??? goto?????? σN?output??????N??
24
???????????
1??????????????????? (Huff-AC??KZ-AC?)???????
????????????????????????goto?????? 2LN?output?
?????LN????????????????L??????????Huffman?
??KZ????????????????Huff-AC????KZ-AC????????
????????
t??????????????????????????????????????
????????????output?? output????????????
• output?? output : S × Σ→ b× P, 0 ≤ b ≤ t− 1, P ∈ 2Σ+
???????????????????????????????????????
?????????????????????????????????? t?????
?????????????????
? 3.1?????????????????????????????
????? / ???????? ???? goto???????? output????????
[bit] [???????]
?????? / 8??????? n(g + o+ 8d) σNNaive n+ 1
????? / 1??????? Ln(g + o+ d) 2NComp. NComp. + const.
????? / 8??????? Ln( 18 (g + o) + d) 18NComp. + const. 49NComp. + const.
????? / t??????? n( 1t (g + o) + d) (2t + 2)NComp. + const. (3 · 2t + 1)NComp. + const.
? 3.1: AC??????????????????
??????????????t????????????????????????
???????????????
25
?4?
DC????????????????????
???????
???????????DC???????DC??????????????????
???????
4.1 ??
??????? Σ????? 1??????????? !?Don’t Care?? (DC?
?)?????????DC?????????????DC?????????????
4.2 DC?????????????????????
3.1?????AC???DC?????????????????????????
DC???DC?????? 0???????????????????????????
p ∈ P ?? p?? i??DC???????????P ???AC?????????
?????????DC?????????????????AC??????????
??????p?? i−1?????????? si−1?????goto?? goto(si−1, !) = si
?????? goto?????? si−1????Σ??????????????????
??? si??????????????
? 4.1(a)? Σ = {A, B, C, D}???????? P = {A!C, B}????????AC
???????????????Algorithm 3???????????????????
??DC?????????? s4??????????? s4 ? !??????????
26
(a) failure????????????DC?
???? AC??????
(b) ? 4.1(a)? FailureLink????? AC
?????? (??? 5A?5D? failure?
????)
? 4.1: DC????????AC??????
? failure??????????????????AC ???????????????
??????
??????DC??? Σ??????????????????????? AC?
?AC???????????????????????????DC???????
??????????AC???????????DC???????????????
?????????
4.2.1 DC???????
DC???? p? Σ?????????????????DC??????????
???
DC???? p???p?????????DC?? !????????Σ??????
???????????????DC?????????????????DC????
???????????????P ???????????P ?????????p??
????????????????????????????????????P0???
???????P0 ????????DC????p?????Pexpanded = (P0−{p})∪P
??????????
Pexpanded ??DC??????????????? 3.1?????AC?????
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??????????????????????? P0?DC???? p???????
??????AC?? P0??????????????????? P0???????
Pexpanded?AC??????????????Algorithm 3?????????? 4.1(a)
??DC???????????????????AC???????? 4.1(b)????
4.2.2 ?????????
?????? P ????????AC??????????????p ∈ P ?? p?
? i??????????????????????? p?? i???????????
?????????
????? 4.1(b)? 4A?4B?4C?4D?????A!C?? 1??????????
????????
???? p?? i+ 1????????????????????? i???????
??????????????????????? i + 1?????????????
????????? i+ 1???????????????? i???????????
?????????????????????????????? 2????????
????? 4A?4B?4C?4D???????????
4.2.3 AC?????DC?????????????????????????
???????????????????P0?DC???? p???????????
??????????????DC???????????AC??????????
???????? p?? i + 1 ??DC???????p?? i???????????
????????Σ????????? goto???????????????
????????????????AC????????????????????
??????????????????????
???DC?????AC????????????AC??????????? p?
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i????????????????????Np, i?????????????????
Np, −2 = 1
Np, −1 = 2
Np, i =

2Np, i−1 −Np, i−2 (if T [i] ∈ Σ)
(Np, i−1 −Np, i−2)σ +Np, i−1 (if T [i] = !)
??
1. i = 0??????????????DC???????????Np, i = 2Np, i−1−
Np, i−2??????
Np, −2 = 1
Np, −1 = 2
Np, 0 = 2Np, −1 −Np, −2
= 3
????????????????
2. k ≥ 1???? k?????i = k???????????????????
Np, k =

2Np, k−1 −Np, k−2 (if T [k] ∈ Σ)
(Np, k−1 −Np, k−2)σ +Np, k−1 (if T [k] = !)
?????????
p?? k???????????????? (Np, k −Np, k−1)????
(a) p[k+1]?DC????????(Np, k −Np, k−1)σ????????????
????????????Np, k+1 = (Np, k −Np, k−1)σ +Np, k????
(b) p[k + 1]?DC?????????Np, k −Np, k−1????????????
????????????Np, k+1 = 2Np, k −Np, k−1 ????
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????p?? k + 1????????????????????
Np, k+1 =

2Np, k −Np, k−1 (if T [k + 1] ∈ Σ)
(Np, k −Np, k−1)σ +Np, k (if T [k + 1] = !)
????
1, 2???????????????? p? i???????????????????
?Np, i???????
Np, −2 = 1
Np, −1 = 2
Np, i =

2Np, i−1 −Np, i−2 (if T [i] ∈ Σ)
(Np, i−1 −Np, i−2)σ +Np, i−1 (if T [i] = !)
?????????????????
???DC?????AC????????????????DC?????AC??
??????????????????????????
E[N] ≤
∑
p∈P
|p|−1∑
k=0
(
2 +
i∑
k=0
(τ − τσ + σ)k+1
)
?? DC?????AC????????????????????p? i?????
???????????????Np, i?????????????????
Np, −2 = 1
Np, −1 = 2
Np, i =

2Np, i−1 −Np, i−2 (if T [i] ∈ Σ)
(Np, i−1 −Np, i−2)σ +Np, i−1 (if T [i] = !)
i???????????? τ?!?????? 1− τ ?????p? i????????
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????????????????E[Np, i]??
E[Np, −2] = 1
E[Np, −1] = 2
E[Np, −i] = τ(2E[Np, i−1]− E[Np, i−2]) + (1− τ)((E[Np, i−1]− E[Np, i−2])σ + E[Np, i−1])
??????????????
E[Np] = 2 +
i∑
k=0
(τ − τσ + σ)k+1
???????????????? P1????AC????????????????
E[N]????P1????????????????????????????????
???????E[N] ≤∑p∈P E[Np]′????AC???????????????E[N]
??
E[N] ≤
∑
p∈P
|p|−1∑
k=0
E[Np, k]
=
∑
p∈P
|p|−1∑
k=0
(
2 +
i∑
k=0
(τ − τσ + σ)k+1
)
????
????????DC?????AC???????????????E[N]??
E[N] ≤
∑
p∈P
|p|−1∑
k=0
(
2 +
i∑
k=0
(τ − τσ + σ)k+1
)
????????????
????i??????????DC??????????∑ik=0 iCkτ i−k(1− τ)kk?
??????DFA????????????O(E[N] · σ)????
???????????DC????????????????
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4.2.4 Huff-AC???KZ-AC?????DC?????????????????
????
?????????P0??DC????????????????????P1?DC
??????????????????? 3.1?????Huff-AC??KZ-AC???
????????????AC??????????????????DC?????
???????????????
4.3 ????
??????????????????????DC??????????????
???????????????????????????????? 1??????
DC?????? n????O(σn)???????????????????????
??????
???????????????AC???????????????????????
4.3.1 ΣP, i?#P, i???
??????P ???????????? i??????????????ΣP, i??
?????????????? i?????????????????????????
ΣP, i?????
????? ΣˆP, i = Σ− ΣP, i???????? 1??????????? #P, i???
???
??ΣP, i, ΣˆP, i, ???? #P, i???????? P ???????????????
?????????Σi?Σˆi, #i???????????????????????? #P, i
???????DC??????? i???????????????????????
???? #??????????????????
4.3.2 DC?????????????
DC?????????????DC?? !??????????? i????? #i?
Σi??????????????????????????????? P ′????P ′
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?????????????????? #i ? Σˆi?????????????????
?????????????? P ?????#i?????P ?DC?????????
?????????????????
????????????????????????????DC????p?Σ???
??#i?????????????DC?????????????????Algorithm 6
?DC???????????????????
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Algorithm 6: ????????????
Input ??????? P = {p0, p1, · · · , pn−1}
Output ??????????? expandedPatternSet
expandedPatternSet← {}
for all c in Σ do
usedChar[c]← fail
end
for i← 0 to n− 1 do
for j ← 0 to |p| do
c← pi[j]
if c == ‘!′ then continue
idx← usedChar[c]
if idx > j or idx == fail then
usedChar[c]← j
end
end
end
for i← 0 to n− 1 do
bufferSet← {pi}
for j ← 0 to |pi| − 1 do
for all p in bufferSet do
if p[j] ==′ !′ then
bufferSet← bufferSet− {p}
for all c in Σ do
if usedChar[c] ≤ j then
p[j]← c
bufferSet← bufferSet ∪ {p}
end
end
p[j]←′ #′
bufferSet← bufferSet ∪ {p}
end
end
end
expandedPatternSet← expandedPatternSet ∪ bufferSet
end
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???? 4.2??? 4.1(b)??????????????????????????
???
? 4.2: ? 4.1(b)? #????????AC??????
4.3.3 AC????? #i?????
????DC???? p?? AC???????????????????????
????#i????????? si? failure????? Σˆi?????????????
????????????????
1. DC?????????????DC??????????s0???????
2. failure????????????????DC????????????????
?????p ∈ P ?? p ???? failure(goto(1, p[0])) = 0????
??? failure(s1)??
failure(s1) =

goto(0, c) (if c ∈ Σ0 ∩ Σˆ1)
0 (otherwise)
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Σ0 ∩ Σˆ0 = φ?? Σˆ1 j Σˆ0??????Σ0 ∩ Σˆ1 = φ????
failure(s1) = 0??????????AC??????????????????
3. i ≤ k?????? i?????DC????????????????????
AC??????????????????
failure??????????????? failure(sk+1)??????????sk+1?
?????? goto(sj, #i) 6= fail????? sj??????? failure??????
??????????? goto????????????? 2??????????
(a) goto(0, !) = 1
(b) goto(sj, #j) = s
(a)???????????????????????????????????
????failure(sk) = 0??????? (b)?????j < k????? Σˆk j Σˆj?
????????c ∈ Σˆk????? c?????goto(sj, c) = goto(sj, #j)????
??failure(sk) = goto(sj, #j)????
????????i ≤ k?????? i?????DC?????????????
???????AC??????????????k+1????????AC??
???????????
???????????????????????AC?????????????
Algorithm 3?????????Algorithm 1?Algorithm 7???????????
??????DC?????AC?????????????
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Algorithm 7: Algorithm 1?DC???????????????????
for i← 0 to n− 1 do
p← pi
s ← 1
for j ← 0 to |p| − 1 do
if p[j] ==′ #′ then
for all c in Σ do
if usedChar[c] > j or usedChar[c] == fail then
character = c
break
end
character = c
end
else
character = p[j]
end
if g(s, character) == fail then
newState← newState+ 1
if p[j] ==′ #′ then
for all c in Σ do
if usedChar[c] > j or usedChar[c] == fail then
goto(s, c)← newState
end
end
else
goto(s, p[j])← newState
end
parent(newState)← s
s ← newState
else
s ← goto(s, character)
end
end
output(s)← p
end
4.3.4 ???????????????????
|Σi| = σi????
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???DC?????????????????AC??????????????
??????????AC???????????? p? i?????????????
???????Np, i?????????????????
Np, −2 = 1
Np, −1 = 2
Np, i =

2Np, i−1 −Np, i−2 (if T [i] ∈ Σ)
(Np, i−1 −Np, i−2)σi +Np, i−1 (if T [i] = !)
??? 4.2.3??????????????????????
???DC?????????????AC???????????????? DC
?????????????????AC???????????????E[N]???
?????????
E[N] ≤
∑
p∈P
(
2 +
i∑
j=0
j∏
k=0
(
τ + (1− τ)
(
maxE[σk] +
(
1− σ −maxE[σk]
σ
)))k+1)
????
??
DC?????????????????AC??????????????????
?????????? p? i????????????????????Np, i????
?????????????
Np, −2 = 1
Np, −1 = 2
Np, i =

2Np, i−1 −Np, i−2 (if T [i] ∈ Σ)
(Np, i−1 −Np, i−2)σi +Np, i−1 (if T [i] = !)
i???????????? τ?!?????? 1− τ ?????p? i????????
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????????????????E[Np, i]??
E[Np, −2] = 1
E[Np, −1] = 2
E[Np, i] = τ(2E[Np, i−1]− E[Np, i−2]) + (1− τ)((E[Np, i−1]− E[Np, i−2])σi + E[Np, i−1])
??????????
E[Np, i] = 2 +
i∑
j=0
j∏
k=0
(τ + (1− τ)σk)k+1
????
????σi?????????????
σ1 = 1
σk+1 =

σk (if p[k + 1] ∈ σk)
σk + 1 (otherwise)
p[i+ 1] ∈ σi?????? p?σi?????E[σi]?????
E[σ1] = 1
E[σk+1] = pkE[σk] + (1− pk)(E[σk] + 1)
= E[σk] + (1− pk)
?????????????????? p??pi = σ−σiσ ?????????????
E[σi]????maxE[σi]i????
maxE[σ1] = 1
maxE[σk+1] = maxE[σk] +
(
1− σ −maxE[σk]
σ
)
???????? p???????????????????E[Np]??
E[Np] ≤ 2 +
i∑
j=0
j∏
k=0
(τ + (1− τ)σk)k+1
= 2 +
i∑
j=0
j∏
k=0
(
τ + (1− τ)
(
maxE[σk] +
(
1− σ −maxE[σk]
σ
)))k+1
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?????????? P2????????????AC??????????????
?E[N]??
E[Np] ≤
∑
p∈P
(
2 +
i∑
j=0
j∏
k=0
(
τ + (1− τ)
(
maxE[σk] +
(
1− σ −maxE[σk]
σ
)))k+1)
?????
4.3.5 ?????Huff-AC????
?????Huff-AC???????????????????Huff-AC??????
?????????? #i?Huffman???????????????????????
?????????
p?? i− 1???????????????????? 1?? si−1????DC??
?? i???????????????????DC??? Σ???????????
? Σˆi???????????????????????????????? 1????
????? si?????si−1?? si????? #i ????????????
? 4.3??P = {A!C, B}?? 2.1??????????Huffman?????????
?????????????????DC-AC???????????????????
? 4.3: DC???????????????Huff-AC????????????
?DC????????????????????????????????????
?????????????DC????? A?B?????????????????
???????????????? 13?????????
??????????????????? 6?????????????DC????
?? 6????????????DC??????????? 2???????????
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????????????????????????????????????????
3??????????????????????????????
???????????????????????????AC?????DC???
??????????????????????????AC???????????
???
4.4 KZ-AC??????????
KZ?????????? 011??????????????????Huffman??
????????? 1?????????????????????????????
???????????????????????KZ-AC?????DC??????
???????????????????
???DC?????????? failure??? Algorithm 4??DC???????
??? failure?????????????
?? failure??????????????goto(state, !) = fail?????????
????DC??????? goto?????? c ∈ Σ??????????????
goto(state, !) = fail????????
????Algorithm 4??DC?????????? failure?????????????
???#i? failure????????? AC???????????? p?? i???
DC???????#i????? goto??? failure??? !????? goto?????
????????????
?? p?? i − 1?????????? si−1????#i ? failure????????
??????????? si−1? failure?? failure(si−1)??????????????
???????? snew0??? failure(si−1) = snew0????????????????
snew1????goto(snew0, !) = snew1????c ∈ Σˆ?????? c???? goto??
goto(si−1, c) = fail???????snew0?snew1??????????goto(si−1, #) = snew1
???????? failure??? !???????????????
????AC???????????? p?? i???DC???????#i????
? goto??? failure??? !????? goto?????????????????
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?????KZ-AC???????????????????? p?? i???DC?
??????p?? i− 1?????????? si−1?????
1. c ∈ Σi?? c????????????? goto????????
2. failure(si−1)??? ftemp?????????#i? failure???????????
????????????? snew????f(si−1) = snew??????
3. !?????DFA? snew????????
4. ????????? failure?????????????????????????
?? failure???????????failure(si−1) = stemp???????????
????????????????DC????????????????????
???????????DC?????????? c ∈ Σi?? c???????????
???????????????????????DC????????????c ∈ Σˆi
?? c????????DC???????????????????????????
????????!?????DFA???????????????????????
??????????? 110???????DFA???????????
? 4.4??P = {A!C, B}?? 2.3????KZ?????????????????
?????????DC-AC??????????
? 4.4: DC???????????????KZ-AC????????????
??????????DC???????????????????DC??????
???????????????????????????????????????
???????? 4??????????????????????????????
?????????????
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DC????????????????DC??????????????????
???????????????????????????DC??????????
???????????????????????????????
43
?5?
??
???????????????????????????????????????
???
3.1.4?????????AC???????DFA?????????????DFA
?Algorithm 8????????????????????????????????
???????????????????????????????????????
??????????????????????????????????
• Naive : ???AC????????????????
• Proposed: ?????????????????????????
• Minimize: Naive?????????AC???????DFA?????????
????????
????3?????????????????
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Algorithm 8: DFA??????????
Input ?DFA
Output ???????????DFA
for i← 0 to N do
for j ← 0 to i do
sameStates(i, j)← (i, j)
if output(pi) 6= output(pj) then
isDifferenrState(i, j)← True
else
isDifferenrState(i, j)← False
end
end
end
for i← 0 to N do
for j ← 0 to i do
for all c in Σ do
r ← goto(pi, c)
s← goto(pj , c)
if isDifferenrState(r, s) == True then
isDifferenrState(i, j)← True
for all statePair in sameStates(r, s) do
isDifferenrState(statePair)← True
end
break
else
sameStates(r, s)← sameStates(r, s) ∪ sameStates(i, j)
end
end
end
end
5.1 DC???????
??????DC??????????????????????????????
???????????????????????????????DC??????
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???????????????????????????????????????
??????????????????????????????DC???????
???????????????
??????DC??????????????AC???????????????
?????????????????
5.1.1 DC??? 1????????DC??????????????????
DC??????????? 1??????????DC???????? 1?18??
????????????????????????????????????
• ????? : 20
• ????? : 1
• ??????????: 52
????????????? 1?????????????????????????
??????DC???????????????????????????????
???????? 1????????????
? 5.1(a)????????????????????????????????AC
??????????????????
? 5.1(b)?? 5.1(a)??????????????????DC?????????
???????????????????????????????????????
???????????????????????????????????????
?????????????????????AC???????????N???
??? i− 1????????????????????????????
Ni = (20− i) · i+ 2
????????????????????? 2???????? 5.1(c)??????
???????????????????????????????????????
????????
46
?????????????????AC???????????????????
???????
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(a) DC????????????
(b) DC?????????????????
(c) ???????? DC?????????????????
? 5.1: DC??????????
48
5.1.2 DC??? 2????????DC??????????????????
DC??????????????????????????DC??? 2?????
?????????????????????DC???? 1????????????
2???DC???????? 2?18???????????????????? 5.1.1
????????
? 5.2?????????
????? 5.2(c)??????????
Ni = 4 + 2(i− 1)(22− i)
????
?????????????????1????????????????????
??AC??????????????????????????????????AC
?????????????????????????DC?????????????
???????????????????????
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(a) DC????????????
(b) DC?????????????????
(c) ???????? DC?????????????????
? 5.2: 2????DC??????????
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5.2 ??????AC?????????????????
????????????? 1????????????????????????
????DC??????? AC????????????????????????
???
?????? 1?10?????????????????????????????
?????
• ????? : 10
• ??????????: 52
• ???????????????????? 1??DC??
? 5.3(a)??????????????????????????????????
??????????????????????????
? 5.3(b)?? 5.3(a)??????????????????????????AC??
???????????????? 2??????????????????????
????????????????????????? 0?????????????
???????DC???????????????????????????????
?????
????????????????????AC???????????N?????
??????? 0?????????????????????
N|P | = 9|P |2 + 11|P |+ 2
? 5.3(c)??????????????????????????????????
???????????????????????????????????????
???????
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(a) DC????????????
(b) DC?????????????????
(c) ???????? DC?????????????????
? 5.3: ?????????????
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5.3 ???????????????????????????????
????Huffman???KZ?????????????????????????
???????????????????????? Huffman??????KZ???
????????????????????????????????????????
????????????KZ???????????????????Huffman??
??????????????????????????????????????KZ
???Huffman?????????????????????????????????
???DC????????KZ?????????????????????????
????????????????????????
?????? 1?11?????????????????????? 2??????
?????KZ??? Huffman??????????? AC????????????
?????DC??????????????100?????????????????
????
???????????????????
• ?????: 10
• ??????????:
1. English ??????? [4]??72
2. Protein ??????? [5]??21
?????????????? Protein ??DC????????????????
??KZ?????Huffman??????????????????????????
??? (? 5.4(b)?? 5.4(d)?? 5.4(f))?English ?Protein ????????????
???????????????????????KZ?????Huffman?????
????????????????????? (? 5.4(b)?? 5.4(d)?? 5.4(f))???
?????????????DC??????????Huffman??????????
???????????????????????DC??? 1????????KZ?
?????DC????????????????????????? 5.3????
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Huffman?????? DC?????? σ?????????????? 5.3??
Protein ??Huffman??????KZ???DC?????????????????
??????????????????????????English ?????KZ???
??????DC????????????????????????????????
????????????KZ???Huffman??????????????????
?????????????????
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(a) English / No DC (b) Protein / No DC
(c) English / 1DC (d) Protein / 1DC
(e) English / 2DC (f) Protein / 2DC
? 5.4: KZ????????????????
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? 5.5: KZ??????DC?????????????????
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5.4 ????????
??????????????????????????????????????
???????????????????????????????????????
?????????????????DFA?????????????????DFA?
???????????????????????????????????????
?????????DC???????????????????????????
???????????????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
??????
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?6?
??
????????DC??????????????????????????????
???????????????????????????????????????
???????????????????????????????
???????????????????KZ?????????????????
????Huffman???????????????????????????????
?DC????????????????????????????????????
??????????????DC????????????????????????
??????AC???????????????????????????????
?????????????????????????????????KZ????
????????????????????
??????????????????????????????????????
????????????????????????????????????????
????????????????????
????????KZ??????????Stopper Encoding [16]?????????
???????????????????????????????????????
???????????????BM ????????????????? [18]???
???????????????????????????????????????
????????
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??
???????????????????????????????????????
???????????????????????????????????????
??????????????????????
??????????????????????????????????????
?????????
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